The complete 21,344-bp DNA sequence of the bacteriocin-encoding plasmid pEF1 from Enterococcus faecium 6T1a was determined. Thirty-four putative open reading frames which could code for proteins longer than 42 amino acids were found. Those included the structural genes encoding for the previously described bacteriocins enterocin I and J (also named as enterocins L50A and L50B). After comparison to sequences in public databases, analysis of the gene organization of pEF1 suggests a modular structure with three diVerent functional domains: the replication region, the bacteriocin region and the mobilization plus UV-resistance region. This genetic mosaic structure most probably evolved through recombination events promoted by transposable elements. The hypothesis that the bacteriocin cluster on pEF1 could act as a functional plasmid stabilization module in E. faecium 6T1a is discussed.
Introduction
Lactic acid bacteria (LAB) associated with foods and beverages have been generally recognized as safe (GRAS) microorganisms for a long period of time (Klaenhammer et al., 2005) . Enterococcal species of LAB have been considered as harmless commensal gut microorganisms, although more recently strains of Enteroccus faecium and Enterococcus faecalis have been acknowledged as leading causes of hospital-acquired infections (Emori and Gaynes, 1993; Schwarz et al., 2001; Grady and Hayes, 2003) . This is especially relevant as enterococci are intrinsically resistant to many antibiotics and can acquire further resistance through conjugative plasmids and transposons which can also donate to other bacterial species (Schwarz et al., 2001) . Further competitiveness and resistance can be achieved by enterococci through bacteriocin production and immunity.
Bacteriocins are ribosomally synthesized peptides or proteins usually displaying antagonistic activity against closely related species (Klaenhammer, 1993) . Bacteriocins from enterococci are frequently associated to plasmids, as it is the case with the bacteriocin encoded by plasmid pAD1 (Ike et al., 1990) , AS-48 from pMB2 (Martínez-Bueno et al., 1990) , Bc-48 from pMB1 (Martínez-Bueno et al., 1992) , enterocin 226NWC1 from pEF226 (Salzano et al., 1992) , bacteriocin 21 from pPD1 (Fujimoto et al., 1995) , bacteriocin 31 from pYI17 (Tomita et al., 1996) , enterocin L50 and enterocin Q from pCIZ1 and pCIZ2, respectively (Cintas et al., 2000) , enterocin SE-K4 from pEK4S (Doi et al., 2002) , enterocin EJ97 from pEJ97 (Sánchez-Hidalgo et al., 2003) , enterocins 416K1 and 388C from a 38 MDa enterococcal plasmid (Sabia et al., 2004) , enterocins 1071A and 1071B from pEF1071 (Balla and Dicks, 2005) , and bacteriocin 32 from pTI1 (Inoue et al., 2006) among others. In addition, most of these plasmids are conjugative.
In a previous work, it was shown that the ability to produce and be immune to a broad-spectrum, antilisterial bacteriocin named enterocin I by the strain E. faecium 6T1a was linked to a 23-kb plasmid (Floriano et al., 1998) . This plasmid was designated pEF1, and only the 2.5-kb DNA sequence comprising the bacteriocin cluster was known at that time (EMBL Accession No. (Acc. No.) Y16413). This cluster included orf2, which could encode for a peptide 72.7 % identical to enterocin I. Cintas et al. (1998) described two enterocins produced by the strain E. faecium L50, isolated from Spanish dry-fermented sausages, named enterocin L50A and L50B, which were encoded by a 50-kb plasmid designated pCIZ1. At present, only a 3.5-kb fragment from pCIZ1 is available under the EMBL Acc. No. AJ223633. Enterocin L50A was identical to enterocin I, while enterocin L50B was identical to the putative product of orf2 from pEF1. This product was later designated enterocin J. In this report, we describe the complete molecular analysis of plasmid pEF1.
Materials and methods

Bacterial strains, media, growth conditions and plasmids
Enteroccus faecium 6T1a, enterocins I and J producer, was isolated from an olive fermentation in southern Spain and described previously (Floriano et al., 1998) . E. faecalis EFS-2 is an enterocin AS-48 producer. They were propagated in MRS broth (Oxoid, Basingstoke, England) at 37°C. Escherichia coli DH5 was cultivated in LB broth (Sambrook et al., 1989) , aerobically at 37°C. Plasmid pEF1, conferring enterocins I and J production and immunity was described earlier (Floriano et al., 1998) . Plasmid pUC18, used as cloning vector, was purchased from Stratagene (La Jolla, USA).
Bacteriocin assays
In order to test bacteriocin production and immunity, the strains E. faecium 6T1a and E. faecalis EFS-2 were streaked onto MRS-agar plates to obtain isolated colonies. The plates were incubated at 37°C for 16 h and then overlaid with 4.5 ml MRS soft-agar (0.75% w/v agar) inoculated with ca. 10 5 cfu/ml of the indicator strain. E. faecium 6T1a and E. faecalis EFS-2 were alternatively used as indicator strains to check their sensitivity to the bacteriocin produced by the other strain. These plates were further incubated at 37°C for 24 h, until lawns of the indicator strain were grown, allowing the detection of inhibition halos surrounding the isolated colonies. Alternatively, 10-l drops of semi-puriWed AS-48 were spotted onto lawns of E. faecium 6T1a, prepared as described above. E. faecalis EFS-2 lawns were also used as negative controls. These plates were incubated at 37°C for 24 h and resulting inhibition halos recorded.
DNA techniques
Total DNA was prepared from E. faecium as described previously (Cathcart, 1995) , and plasmid puriWcation was carried out by CsCl gradient centrifugation (Sambrook et al., 1989) . Isolation of E. coli plasmid DNA and subsequent nucleic acid manipulations were carried out as described by Sambrook et al. (1989) . Restriction enzymes and T4 DNA ligase were purchased from Roche Diagnostics (Penzberg, Germany) and used according to the manufacturer's instructions. Shrimp Alkaline Phosphatase (SAP) was purchased from USB Corporation (Cleveland, Ohio, USA) and used according to the manufacturer's instructions.
PCR ampliWcations
The Expand High Fidelity PCR System (Roche) was used to amplify the diVerent DNA fragments from either pEF1 or the subsequent pUC18 subclones. Primers used in PCRs were synthesized by MWG Biotech (Ebersberg, Germany).
Sequencing of pEF1
Plasmid pEF1 was digested with HindIII. The resulting fragments were electrophoretically separated and individually collected by the freeze-squeeze technique (Sambrook et al., 1989) . Each fragment was ligated to SAP-dephosphorylated, HindIII-digested pUC18 cloning vector and electroporated into E. coli DH5 . Both DNA strands of the inserts from every subclone obtained were initially sequenced using the universal, pUC18-derived primers. To complete the sequencing, the primer walking strategy with synthetic oligonucleotide primers was used. Possible gaps at the joints of consecutive subclones were Wlled-up by sequencing PCR-ampliWed DNA fragments overlapping such regions, using pEF1 as template DNA.
Nucleotide sequencing was performed by the Servicio de Secuenciación Automática de ADN, CIB-CSIC (Madrid, Spain), with an ABI PRISM 377 DNA Sequencer (Applied Biosystems, Perkin Elmer, Norwalk, CT, USA).
Analysis of ORFs and amino acid alignments were performed using the programs from the Genetics Computer Group (University of Wisconsin, Madison, USA), the National Center for Biotechnology Information (NCBI, Bethesda, Madison, USA), and the EMBL-EBI tools (Cambridge, UK). Nucleotide sequence shown in this article has the GenBank Acc. No. DQ198088.
Results and discussion
General features of pEF1
Plasmid pEF1 consists of 21,344 bp and an average G + C content of 32%. The end of the IS981 gene was arbitrarily chosen as reference site (bp 1). Thirty-four putative open reading frames (ORFs) which could code for proteins longer than 42 amino acids were found (Table 1) , 25 of them on the clockwise (cw) and the other 9 on the counter-clockwise (ccw) strand (Fig. 1) .
Analysis of the gene organization of pEF1 suggests a modular structure, as it has been found for many other medium and large plasmids from Gram-positive bacteria that have been characterized: pMRC01 (60 kb, Dougherty et al., 1998) ; pRE25 (50 kb, Schwarz et al., 2001); pMD5057 (11 kb, Danielsen, 2002) ; pRUM (25 kb, Grady and Hayes, 2003) ; pIP501 (31 kb, Thompson and Collins, 2003) ; pCF10 (68 kb, Hirt et al., 2005) ; among others. Plasmid pEF1 appears to be divided into three diVerent functional domains: the replication region, the bacteriocin region and the mobilization plus UV-resistance region.
The replication region
This region spans 3.7 kb, from co-ordinate 14,458 (the end of prgO) to 18,220 (the end of prgN), being virtually identical to a homologous region described in pRE25 (Acc. No. X92945) from E. faecalis RE25 (Schwarz et al., 2001) . From co-ordinate 17,621 to 18,221, overlapping the end of an ORF which is identical to repR from pRE25, a putative replication origin (oriR) is predicted. In this area, up to Wve putative DnaA boxes sharing high homology (maximum 2 mismatches) to the consensus 5Ј-TTATCCACA-3Ј (Meijer et al., 1995) are located, two of them in the cw and three in the ccw strand. Also, several inverted repeats having the potential to form stem-loops, as well as signiWcative direct repeats are found in this region. Finally, from co-ordinate 17,791 to 17,833 there are 42 bp which are 75% identical to the deWned replication origin of pAM 1 (Acc. No. AF007787).
Considering all these data together, it is reasonable to predict that pEF1 is replicated using the product of repR and the oriR proposed above. Also, taking into account the signiWcative homology of RepR to the replication proteins of plasmids such as pIP501 (Acc. No. CAA35647) and pAM 1 (50% id., 67% similarity [sim.]) and the size of the plasmid, it can be predicted that pEF1 replicates via the -type replication mechanism.
The bacteriocin region
Spanning 6.7 kb, from co-ordinate 1434 (the end of entJ) to 8158 (the end of as48H), this domain contains the bacteriocin clusters. Thus, the genes coding for enterocins I and J are located in this fragment (Floriano et al., 1998) . In the close vicinity but in the opposite direction, three clustered ORFs are found which are virtually identical to orfE, orfF and orfG (L50E, L50F and L50G, respectively, in Fig. 1 ) from pCIZ1, the enterococcal plasmid coding for enterocins L50A and L50B (Cintas et al., 1998) which are identical to enterocins I and J. According to these authors (Dr. Pablo Hernández, Universidad Complutense, Madrid, personal communication), these ORFs could code for transporters of the ABC type.
Downstream of L50G, two striking putative ORFs appear: orf9 and orf10. None of the hypothetical proteins encoded by these ORFs shares any signiWcant homology with proteins in the data banks. The G + C content of 19 and 25% for orf9 and orf10, respectively, is very low and quite appart from the average of the whole plasmid (32%). Nevertheless, putative ribosomal binding sites as well as tipical ¡10 and ¡35 regions are found inmediately upstream of both ORFs. These two ORFs are also present in pCIZ1 at the same position, where their functionality remains unknown (Dr. Pablo Hernán-dez, personal communication). Downstream of the entI-entJ genes an ORF showing signiWcant homology to the transposase of IS981 from Lactococcus lactis is found. In contrast, at the same position in pCIZ1 a complete insertion element of the IS3 family termed IS1514 is located (Cintas et al., 1998) .
Finally, this bacteriocin region ends with four consecutive ORFs sharing high homology to the previously characterized operon as-48EFGH, involved in immunity to AS-48 (Martínez-Bueno et al., 1998; Díaz et al., 2003) . To test wether this region confers immunity to AS-48 in E. faecium 6T1a, a bacteriocin assay with isolated colonies of E. faecalis EFS-2, an AS-48 producer, was carried out using E. faecium 6T1a as the indicator strain. Inhibition halos appeared around E. faecalis EFS-2 isolated colonies, demonstrating that the as-48 operon in E. faecium 6T1a is not functional in the sense of conferring immunity to AS-48. This conclusion was reinforced by the spot-on-lawn test using semi-puriWed AS-48, which rendered 16-mm inhibition halos on lawns of the strain 6T1a. Controls using lawns of strain EFS-2 gave no inhibition at all. On the other hand, isolated colonies of E. faecium 6T1a also produced inhibition halos when E. faecalis EFS-2 was used as the indicator strain. Therefore, it can be also concluded that the operon as-48EFGH, which is present in the EFS-2 strain, does not confer protection against enterocins I and J. It was previously shown that immunity to these enterocins was encoded by pEF1 (Floriano et al., 1998 ), but the gene or genes involved remain unknown.
The mobilization and UV-resistance region
This is an approximately 9-kb region whose initial structure seems to have been interrupted by the bacteriocin region described above through a putative insertional event carried out by an IS981-like element (Fig. 1) . This region spans from the start of orf30 (efae2308) at co-ordinate 18,321 to the end of orf34 (efae1887) at co-ordinate 21,283, the Wrst part; and from the start of mobC (co-ordinate 8,559) to the end of orf22 (efae2609; co-ordinate 13,387), the second part. According to the homologies found in the data banks, most of the putative proteins encoded in this region show signiWcative homology with hypothetical proteins annotated in the draft sequence of the E. faecium DO genome (Baylor College of Medicine; URL: http://www.hgsc.bcm.tmc. edu/projects/microbial/microbialblast.cgi?organism D Efaecium) ( Table 1) . At least four ORFs seem to have been directly involved in the mobilization of pEF1 in the past:orf33 (efae1888), orf34 (efae1887), mobC and res (Table 1) . Thus, orf33 shares 26% id. and 53% sim. to ComGC (acc. no. Table 1 In addition, this region includes a putative UVresistance gene highly homologous to uvrA described in pRUM from E. faecium (acc. no. AAO 52829), which shares 51% id. and 71% sim. to a structural gene for UV resistance (acc. no. BAA 23799) from pAD1, harboured by a strain of E. faecalis (Francia et al., 2001 ).
Conclusions
The complete sequence of the bacteriocin-encoding plasmid pEF1 resembles a combination of diVerent plasmid and chromosomal DNA fragments of mostly E. faecium and E. faecalis origin linked through insertional or conjugative events in a selfreplicative unit. Being at present a medium-sized plasmid, it appears as if conjugational properties were lost when a bacteriocin-production/immunity cassette was inserted into the ancient, larger structure of pEF1. It has been postulated, and in a few cases demonstrated, that bacteriocin production confers a competitive advantage to the host strain (Ruiz-Barba et al., 1994; Smith and Dworkin, 1994; Dykes, 1995) . This fact could overcome the burden of plasmid carriage, resulting in an enhanced Wtness of the host relative to the same host after plasmid curing (Lenski et al., 1994; Dykes and Hastings, 1997) . Actually, plasmid-free derivatives of the strain 6T1a, no longer producing bacteriocin, become also sensitive to enterocins I and J (Floriano et al., 1998) . In this sense, the bacteriocin cluster on pEF1 could act as a functional plasmid stabilization module in E. faecium 6T1a, as it has been demonstrated for the Axe-Txe, toxin-antitoxin system in pRUM, a plasmid from a clinical isolate of E. faecium (Grady and Hayes, 2003) . On the other hand, it has been proposed that the likelihood of the coevolution of non-conjugative bacteriocin-encoded plasmids and their hosts to beneWcial associations is high (Dykes and Hastings, 1997) .
